This paper presents a 5 V-to-3.3 V linear regulator circuit, which uses 3.3 V CMOS transistors to replace the 5 V CMOS transistors. Thus, the complexity of the manufacturing semiconductor process can be improved. The proposed linear regulator is implemented by cascode architecture, which requires three different reference voltages as the bias voltages of its circuit. Thus, the three-output temperature-independent reference voltage circuit is proposed, which provides three accurate reference voltages simultaneously. The three-output temperature-independent reference voltages also can be used in other circuits of the chip. By using the proposed temperature-independent reference voltages, the proposed linear regulator can provide an accurate output voltage, and it is suitable for low cost, small size, and highly integrated system-on-chip (SoC) applications. Moreover, the proposed linear regulator uses the cascode technique, which improves both the gain performance and the isolation performance. Therefore, the proposed linear regulator has a good performance in reference voltage to output voltage isolation. The voltage variation of the linear regulator is less than 2.153% in the temperature range of −40 ∘ C-120 ∘ C, and the power supply rejection ratio (PSRR) is less than −42.8 dB at 60 Hz. The regulator can support 0∼200 mA output current. The core area is less than 0.16 mm 2 .
Introduction
Over the last few years, the miniature sensor, the medical electronic, and the portable electronic products are increasingly popular [1] [2] [3] . In order to make these products easy to use, easy to carry, and easy to promote, the demands of these products are small size, low cost, low power, and integrated several functions on a chip. Therefore, reducing the size and cost of these products is an important research direction. The traditional miniature sensor and medical electronic and portable electronic products utilize the external linear regulator to convert the input voltage to the required voltage. And the external linear regulator usually has large size and high cost, which do not meet the requirements of the miniature sensor and medical electronic and portable electronic products. Based on these reasons, on-chip linear regulator is required to meet the low cost and small size requirement.
In most of CMOS process, in order to reduce the complexity and the cost of the manufacturing semiconductor process, manufacturers do not provide high voltage transistor. For example, a typical 0.18 m CMOS process usually does not provide 5 V transistor. Thus, a 5 V-to-3.3 V linear regulator circuit, which uses the 3.3 V CMOS transistors to replace the 5 V CMOS transistors, is important, because it can reduce the cost and the size of products effectively.
Moreover, the miniature sensor and the medical electronic products usually need accurate reference voltages and supply voltages to improve the accuracy of the miniature sensors and medical electronics. A complex electronic system usually needs many different reference voltages to support the requirements of the different circuits on a chip. Those reference voltages need to have a good characteristic to cover temperature variation.
According to the above concepts, a full on-chip 5 Vto-3.3V CMOS linear regulator [4] with three-output temperature-independent reference voltages has been proposed in this paper, which can achieve the requirements of high accuracy, small size, low cost, low power, stable output voltage, and three-output temperature-independent accurate reference voltages. Thus, it is suitable for the miniature sensor and medical electronic and portable electronic applications.
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Figure 1: The conventional linear regulator.
Proposed Circuit
A linear regulator typically consists of several parts [5] [6] [7] [8] : an error amplifier circuit, a temperature-independent reference circuit [9] , a feedback resistance network [10, 11] , pass transistors, and output capacitors [12] . The error amplifier circuit and temperature-independent reference circuit are the most important components of linear regulator, which are discussed below.
Error Amplifier Circuit.
The error amplifier circuit usually dominates the performance of linear regulator [13, 14] , especially for the gain of error amplifier, which can influence the performances of line regulation, load regulation, and power supply rejection ratio (PSRR). However, the characteristics of error amplifier usually make trade-off between gain and current consumption. Therefore, how to design an error amplifier with both high gain and low current consumption is important. The conventional linear regulator is shown in Figure 1 . The gain of error amplifier in a typical regulator can be approximately calculated by
where gm 1a is the transconductance of transistors M 1 and M 2 and gm 2a is the transconductance of transistors M 5 and M 6 , and those stages are common-source topology. 1a is the output resistance of devices M 3 and M 4 , and 2a is the output resistances of devices M 7 and M 8 . However, the conventional 5 V-to-3.3 V linear regulator in Figure 1 cannot be implemented by using the 3.3 V transistors. Moreover, (1) shows the gain of the error amplifier in Figure 1 . It shows that if we want to increase the gain of the error amplifier, increase of the transconductance of gm 1a and gm 2a is inevitable, and it requires more quiescent current. (2), the proposed linear regulator increases the gain for the error amplifier without increasing current dissipation. In other words, compared with the conventional topology, the proposed error amplifier can achieve the same gain with less current. Moreover, the common-gate stage circuit (M 17 and M 18 in Figure 2 ) also improves the reverse isolation performance between output voltage and reference voltage. Thus, no matter whether the output load has changed or not, the input reference voltage will not be disturbed. And the reference voltages also can be used for other circuits on the chip, simultaneously.
Multioutputs Temperature-Independent Reference Circuit.
The temperature-independent reference circuit is perhaps the most important component in the mixed-signal integration chip. It provides the accurate reference voltage for many blocks in the chip. Moreover, it determines the accuracy of the measured signals.
In Figure 2 , the proposed linear regulator needs three accurate reference voltages ( ref 0.8, ref 1.7 , and ref 3.3), simultaneously. The conventional temperature-independent reference circuit uses the operation amplifier to achieve conversion between different reference voltages. However, these additional operation amplifiers not only consume the power but also increase the chip area. Figure 3(a) shows the conventional temperature-independent reference circuit, and Figure 3(b) shows the conventional method of the conversion between different reference voltages. Figure 4 shows the proposed temperature-independent reference circuit, which is also implemented by cascode architecture. Therefore, it can use the 3.3 V CMOS transistor to replace the 5 V CMOS transistor. The cascode architecture also provides a stable current source to resistance and BJT.
The conventional temperature-independent reference circuit adds negative temperature coefficient and positive temperature coefficient with proper weighting to get a zero temperature coefficient. However, the proposed reference voltages conversion circuit uses different technique. In Figure voltages simultaneously. The three-output temperature-independent reference voltages also can be used in other circuits of the chip. Compared to standard voltages conversion circuit, shown in Figure 3(b) , the proposed voltages conversion circuit is implemented without additional operation amplifiers, which reduce the power consumption and the chip area. So, it is suitable for low cost, low power, small size, and highly integrated system-on-chip (SoC) applications.
Temperatureindependent

Measurement and Simulation Results
The linear regulator and three-output temperature-independent reference voltages circuit is designed with a TSMC 0.18 m CMOS process with 5 V supply voltage. Figure 5 shows the measurement results of output voltage, which is operated in the range of environmental temperature between −40 ∘ C and 120 ∘ C. The output voltage variation of proposed linear regulator is less than 2.153%. It verifies that the relationship of output voltage and environmental temperature is very small.
In general, the settling time is an important specification of linear regulator. It is the time required for an output to reach stability when the load is changed. Thus, we measure the dynamic voltage change and current change responses from light load to heavy load as shown in Figure 6 and from heavy load to light load as shown in Figure 7 . Figures 6 and 7 also show that the settling time of the proposed linear regulator is less than 50 ns. Figure 8 shows the PSRR measured results of the proposed linear regulator at 60 Hz. In this experiment, the input noise frequency was fixed at 60 Hz, and the measurements were made at the output port ( ). The input noise amplitude is AC 1 V at input port ( DD ). It verifies the PSRR performance of the proposed linear regulator is 42.85 dB at 60 Hz, which can prove against of AC (household power) noise rejection. Figure 9 shows the PSRR performance at difference input noise frequencies. They verify the proposed linear regulator has good PSRR performance. Figure 10 shows the simulation results of three-output temperature-independent reference voltages. Because we did not put measured points for these three-output temperatureindependent reference voltages during the chip design, in here, we only show the simulation results of the proposed three-output temperature-independent reference voltages. It is verified that the proposed circuit can provide three temperature-independent reference voltages simultaneously. When the temperature changes between −40 ∘ C and 120 ∘ C, the amount of 3.3 V, 1.7 V, and 0.8 V reference voltages range is less than 0.424%, 1.462%, and 1.219%, respectively.
The chip micrograph of the proposed linear regulator is shown in Figure 11 . The total area is 0.38 × 0.42 mm 2 . A summary of the proposed linear regulator's characteristics is given in Table 1 . Finally, we compare the proposed linear regulator with the other existing linear regulators in Table 2 , which demonstrates that the proposed linear regulator has larger output current, smaller load regulation, faster settling time, and smaller chip area than the other linear regulators. Moreover, the reference voltages and bias circuit usually were not discussed in the other existing linear regulator papers. This paper discusses reference voltage circuit and linear regulator circuit together, which makes the high integrity of the circuit. In addition, the proposed circuit also has accurate output Environmental temperature (
Environmental temperature ( ∘ C) Figure 10 : The simulated results of the proposed three-output temperature-independent reference voltages. 
Conclusions
The proposed linear regulator utilizes the cascode technique to improve the gain and to achieve high line regulation, load regulation, and power supply noise rejection ratio. The proposed circuit uses the 3.3 V CMOS transistors to replace the 5 V CMOS transistors. Thus, the complexity of the manufacturing semiconductor process can be improved. Moreover, the proposed linear regulator can significantly raise the accuracy of the signals. Hence, it is suitable for highly integrated products such as the miniature sensor and the medical electronic and the portable electronic products.
